Subtilisin-like serine proteases (SBTs) are extracellular proteases that depend on their propeptides for zymogen maturation and activation. The function of propeptides in plant SBTs is poorly understood and was analyzed here for the propeptide of tomato subtilase 3 (SBT3PP). SBT3PP was found to be required as an intramolecular chaperone for zymogen maturation and secretion of SBT3 in vivo. Secretion was impaired in a propeptide-deletion mutant but could be restored by co-expression of the propeptide in trans. SBT3 was inhibited by SBT3PP with a K d of 74 nM for the enzyme-inhibitor complex. With a melting point of 87°C, thermal stability of the complex was substantially increased as compared with the free protease suggesting that propeptide binding stabilizes the structure of SBT3. Even closely related propeptides from other plant SBTs could not substitute for SBT3PP as a folding assistant or autoinhibitor, revealing high specificity for the SBT3-SBT3PP interaction. Separation of the chaperone and inhibitor functions of SBT3PP in a domain-swap experiment indicated that they are mediated by different regions of the propeptide and, hence, different modes of interaction with SBT3. Release of active SBT3 from the autoinhibited complex relied on a pH-dependent cleavage of the propeptide at Asn-38 and Asp-54. The remarkable stability of the autoinhibited complex and pH dependence of the secondary cleavage provide means for stringent control of SBT3 activity, to ensure that the active enzyme is not released before it reaches the acidic environment of the trans-Golgi network or its final destination in the cell wall.
Subtilases (SBTs) 2 are found in all kingdoms of life. They constitute the S8 family of serine peptidases (1) and are characterized by a specific arrangement of the aspartate, histidine, and serine residues of the catalytic triad within the active site of the enzyme (2) . SBTs include general proteases with relaxed substrate specificity for protein degradation and turnover as well as processing enzymes that cleave selected substrates at highly specific sites (3) . Most bacterial SBTs are of the catabolic type including subtilisin E and subtilisin Carlsberg from Bacillus subtilis and Bacillus licheniformis, the prototypical members of the S8A subfamily of subtilases (4) . The type-example for subfamily S8B is kexin from Saccharomyces cerevisiae, which was identified as the first SBT from eukaryotes and the first with narrow specificity for dibasic cleavage sites (5) . Dibasic cleavage specificity is typically found also in the seven kexin-related proprotein convertases (PCs) in mammals (6) . In contrast, all plant SBTs belong to subfamily S8A. They are thus more closely related to bacterial subtilisins than to kexin, but they comprise both, general proteases for protein turnover as well as processing enzymes for limited proteolysis at highly specific sites (7, 8) .
Early structural investigations of subtilisin E showed that it is produced with an N-terminal signal peptide targeting the protein to the periplasmic space and a 77-amino acid prodomain, which is located between the signal peptide and the catalytic domain but is not part of the mature enzyme (9, 10) . The general preproprotein structure is shared with mammalian and plant SBTs, and it evolved convergently in numerous other serine-, aspartate-, cysteine-, and metalloproteases, highlighting the importance of this type of domain organization (10 -14) .
Although the catalytic domain is generally well conserved between plant SBTs and the prototypical bacterial SBTs, there are also distinctive plant-specific features. Between the His and the Ser residues of the catalytic triad, most plant SBTs carry a large insertion of some 120 amino acids, the so-called proteaseassociated (PA) domain. X-ray structure analysis of SBT3 from tomato revealed that the PA domain mediates homo-dimerization via interaction with an unusual ␤-hairpin that is not found in bacterial SBTs resulting in the activation of the tomato enzyme (15) . However, structural modeling of representative Arabidopsis SBTs indicated that PA domain-mediated dimerization as an autoregulatory mechanism for enzyme activation is unlikely to be a general property of all plant SBTs (16) . Consistent with this notion, dimerization was not observed in the second structurally characterized plant subtilase, cucumisin from melon fruits (17) . In cucumisin, the PA domain is located comparatively close to the active site channel and appears to contribute to substrate selectivity (17) .
Additional distinguishing features of SBT3 and cucumisin as compared with bacterial SBTs include a stabilizing fibronectin III-like domain at the C terminus and the lack of bound calcium (15, 17) . Two Ca 2ϩ binding sites, one of high and the other of low affinity, are typically found in S8A subtilases (3) , and the binding of calcium ions contributes to enzyme stability (18) . Despite the lack of calcium, both SBT3 and cucumisin exhibit remarkable thermal stability indicating that plants evolved different means to stabilize the subtilisin fold (8, 15, 16) .
The prodomain was not included in the crystal structure of SBT3 or cucumisin, and its function in plant SBTs is thus still poorly understood. In bacterial proteases, on the other hand, prodomain function has been studied intensively, e.g. in subtilisins and in ␣-lytic protease, where it is needed for correct folding and enzyme maturation (19, 20) . When expressed without their propeptides, these proteases accumulate as partially folded, inactive intermediates that are kinetically trapped in a molten globule-like conformation. In the presence of the corresponding propeptides they acquire their native state indicating that the propeptides assist in protein folding. The function of propeptides has thus been described as that of an intramolecular chaperone in bacterial subtilisins and mammalian PCs alike (21, 22) . However, unlike chaperones, which accelerate folding by blocking aggregation or other unproductive side pathways, propeptides act as specific single-turnover catalysts. They reduce the energy barrier of a transition state late in the folding pathway, thus allowing the zymogen to proceed from the molten globule to the native conformation (10, 11, 19, 20, 23, 24) .
As the propeptide is not part of the mature enzyme, it has to be processed during zymogen maturation. The process has been studied for bacterial and some mammalian SBTs where it depends on the functional catalytic triad and is thus autocatalytic (25, 26) . Also, in tomato SBT3 the prodomain is processed in an autocatalytic and intramolecular reaction, as active-site mutants are no longer processed and cannot be rescued by the wild-type enzyme provided as a separate polypeptide in trans (27) . However, autocatalytic processing of subtilisin is not sufficient to release the active enzyme as the propeptide remains non-covalently bound to the catalytic domain acting as an auto-inhibitor. Inhibition by the cognate prodomain has been demonstrated for bacterial, mammalian as well as plant SBTs. It likely serves to keep the protease inactive until it reaches its final subcellular destination, thus preventing precocious activation and inappropriate proteolysis (28 -30) .
This autoinhibitory mechanism implies that the interaction of the propeptide with the catalytic domain and, hence, latency of the zymogen are broken in a compartment-specific manner. In the well studied case of furin, for example, release of the propeptide requires a second autocatalytic cleavage event, which is pH-dependent and thus occurs only when the zymogen reaches the trans-Golgi network (26) . How the process might be regulated in plants is entirely unknown. It is also unclear to what extent propeptides of plant SBTs resemble bacterial and mammalian homologs with respect to their role during enzyme folding and which features of the propeptides may contribute to their activity as intramolecular chaperones and enzyme inhibitors. These are the questions that were addressed here for the interaction of tomato SBT3 with its own as well as alien propeptides.
Results
Secondary Structure of the SBT3 Propeptide-To obtain first structural insight into the propeptide (PP) of SBT3 and its relation to the PPs of other plant SBTs and bacterial subtilisin, we generated a structure-based multiple sequence alignment using PROMALS3D, thereby including three-dimensional structure information and secondary structure prediction as additional constraints for the alignment (31) . Despite the overall low sequence identity (16.9% between the PPs of SBT3 and subtilisin E), the conserved hydrophobic sequence motifs N1 and N2 that appear to be important for the chaperoning function of previously characterized PPs (21, 32, 33) could also be detected in the plant sequences ( Fig. 1 ). The structural scaffold of two ␤-␣-␤ motives that is conserved in PPs of bacterial subtilisins and mammalian PCs and important for their interaction with 23  28  23  21  27  21  30   64  71  62  62  59  55  63 N1 N2 β1 α1 β2 β3 α2 β4 * * FIGURE 1. Alignment of subtilase propeptides. Alignment of the propeptides from six plant subtilases and bacterial subtilisin E, all without their signal peptides and with four N-terminal amino acids of the catalytic domain. Signal peptide cleavage sites were determined with SignalP 4.0 (64) . The sequence alignment with secondary structure prediction was generated using PROMALS3D (31) with some manual editing in the loop region between ␣1 and ␤2. Part of this loop was exchanged in a domain-swap experiment, and this part is highlighted in white letters on gray shading. Highly conserved residues (identical in Ͼ75% of the sequences) and partially conserved residues are shaded in black and gray, respectively. Conserved ␣-helices and ␤-strands are indicated as gray helices or arrows above the alignment. Conserved hydrophobic regions N1 and N2 are underlined. Residues are numbered from the first Met. The black arrow shows the autocatalytic processing site at the prodomain junction. Amino acids identified by N-terminal sequencing are underlined in the SBT3PP sequence, and the internal cleavage site residues (Asn-38, Asp-54) are indicated (asterisks).
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cognate catalytic domains (21, 34, 35) was also predicted for the PP of SBT3 (SBT3PP) and other plant SBTs ( Fig. 1 ).
To further investigate secondary structure composition, SBT3PP was expressed in Escherichia coli as an N-terminally His-tagged fusion protein. As previously reported for the PP of cucumisin (30) , SBT3PP was found to be insoluble in E. coli and accumulated in inclusion bodies. The recombinant protein was solubilized in 8 M urea and purified to apparent homogeneity by affinity chromatography on nickel-agarose beads under denaturing conditions ( Fig. 2A ). Renaturation was achieved at a concentration of 0.5 mg/ml by dialysis against 50 mM HEPES buffer containing 50 mM Arg and Glu (36) resulting in Ͼ70% soluble SBT3PP, which was analyzed for secondary structure content by circular dichroism (CD) spectroscopy in the far UV range. Unfortunately, because of a generally weak signal that required high protein concentrations, spectra could not be recorded all the way down to 190 nm, and a reliable deconvolution of the data for estimation of secondary structure composition was thus not possible. However, strong negative ellipticity was observed at 222 nm, indicting the presence of significant ␣ helical content in addition to unstructured regions as indicated by the strong signal below 205 nm ( Fig. 3A) . Tryptophan fluorescence spectroscopy was then used to analyze thermal unfolding of SBT3PP during heating from 25°C to 90°C. Unfolding occurred in a broad temperature range without a clear transition point, and refolding upon cooling exhibited the same temperature characteristics (Fig. 3C ). The data indicate that weak secondary structure is present in the free SBT3PP. SBT3PP thus resembles the PP of cucumisin with respect to secondary struc-ture content and stability (30) . In contrast, PPs of mammalian PCs are only marginally stable on their own (with the exception of the PP in PC1 from Mus musculus), and the PPs of bacterial subtilisins are fully unfolded at 25°C (35, 37, 38) . Only after binding to subtilisin, these PPs acquire regular secondary structure going from a disordered to a highly ordered state (38) .
To assess whether SBT3PP shows a similar increase in stability after binding to SBT3, we expressed SBT3 in a transgenic cell suspension culture as a homologous expression system and purified the mature recombinant enzyme to apparent homogeneity essentially as described (27) (Fig. 2B ). The complex of mature SBT3 with its PP was established at 4°C with a 10-fold molar excess of the propeptide followed by gel filtration to separate the complex from unbound SBT3PP ( Fig. 4 ). Thermal unfolding of the free protease and the protease-propeptide complex was monitored by CD spectroscopy at 220 nm ( Fig.  3B ). Consistent with previous reports (15) , SBT3 exhibited considerable thermal stability, with 76°C as the transition point for unfolding. In contrast to bacterial subtilisin, which is destabilized by binding of its propeptide, resulting in a reduced melting temperature of the complex in comparison to the free protease (33) , the SBT3-SBT3PP complex showed a marked increase in melting temperature to 87°C, which was 11°C above that of free SBT3. Interestingly, unfolding was quicker and the cooperativity of unfolding higher, as indicated by the steeper slope of the transition, for the complex as compared with the free enzyme ( Fig. 3B ). We conclude that the interaction of SBT3 and its propeptide stabilizes the domain structure of the complex, increasing the already remarkable thermal stability of SBT3 significantly.
Requirement of SBT3PP and Related Plant PPs for Folding and Secretion-The data indicate similarities between the PPs of SBT3 and cucumisin. The latter is the only plant PP characterized so far and was described as an autoinhibitor of its mature enzyme (30) . In the following we investigated whether the function of plant PPs goes beyond this inhibitory role and includes that of an intramolecular chaperone for enzyme maturation. According to Shinde and Thomas (21) , the chaperone function in the propeptide-mediated maturation pathway of bacterial subtilisins and mammalian PCs is apparent in three distinct stages: (i) the folding of the polypeptide to a structured state, (ii) autoprocessing of the PP resulting in a non-covalently associated PP-inhibited protease complex, and (iii) secondary cleavage of the PP to release the active enzyme . As an additional activity that is closely linked to their role in folding, PPs are also required for secretion or, in eukaryotes, for transport into specific compartments of the secretory pathway (21, 26, 39) .
To address the question of whether SBT3 requires folding assistance at all, we denatured the protein and tested whether or not it can refold in the absence of denaturant. Denaturation required harsh conditions because of the exceptional stability of SBT3. In fact, the enzyme retained ϳ80% activity after incubation in 8 M urea. Upon titration with guanidine hydrochloride (GuHCl), SBT3 unfolded with a transition midpoint at 5.8 M (Fig. 5A ). Therefore, to fully denature the protein, it was subjected to 8 M GuHCl or, alternatively, TCA precipitation. In an attempt to renature the protein, TCA/GuHCl was removed by dialysis. Refolding resulted in soluble protein, but differences in the CD and Trp fluorescence spectra showed that SBT3 did not assume its native conformation ( Fig. 5 , B and C). A red shift was observed for the fluorescence maximum, indicating increased solvent accessibility of Trp residues ( Fig. 5B ) in renatured as compared with native SBT3. However, the protein was not completely unfolded. CD spectroscopy revealed considerable secondary structure in SBT3 renatured from 8 M GuHCl or TCA, which is reminiscent of the molten globule-like state described for partially folded subtilisin (Fig. 5C ). The data suggest that SBT3 requires assistance to complete its folding pathway. However, our attempts to refold the protein in the presence of its PP were not successful and did not result in native-like CD or fluorescence spectra within the time frame of the experiment (2 weeks). Also in subtilisin, refolding is very slow when the propeptide is added in trans (24) . As compared with the intramolecular process, the bimolecular reaction is at least 1000-fold slower, resulting in 50% refolding after 8 days at 4°C (22) .
Being unable to directly demonstrate chaperone activity for SBT3PP in vitro, we looked at the in vivo situation where folding is intimately linked to secretion (39) . In eukaryotes, proteins are co-translationally targeted to the endoplasmic reticulum (ER), fold in the ER, and need to pass ER quality control as a prerequisite for further sorting along the secretory pathway and secretion, whereas misfolded proteins are targeted for degradation (40) . Secretion was thus used as a proxy for successful folding in vivo (26) . Folding/secretion of SBT3 and its dependence on the PP were analyzed by transient expression of the test proteins in Nicotiana benthamiana plants. We previously used this system to demonstrate that the PP of SBT3 is processed in an intramolecular autocatalytic reaction in the ER (27) . Active site (S538A, S538C) mutants of SBT3 accumulated in the ER as unprocessed precursors indicating that the activity of SBT3 and autocatalytic processing are required for secretion of the mature enzyme (27) .
The question of whether SBT3 depends on its PP for folding and sorting was addressed by use of a SBT3 deletion mutant (SBT3⌬PP) lacking the PP sequence (residues Gln-23 to His-112). Upon transient expression in N. benthamiana, wild-type SBT3 was processed and secreted to the apoplastic space. In contrast, SBT3⌬PP was only detected intracellularly at a much reduced expression level, indicating that the mutant did not pass ER quality control ( Fig. 6 ). Co-expression of SBT3⌬PP with its PP as a separate polypeptide chain partially restored accumulation of SBT3⌬PP and export to the apoplast (Fig. 6 ). The data confirm a requirement of SBT3 for its prodomain for secretion. They further suggest that SBT3PP, like the PP of subtilisin (19) , is able to provide folding assistance in trans. SBT3PP thus resembles PPs in bacterial and mammalian SBTs with respect to their chaperone-like activity (21, 22) .
Addressing the question of specificity, additional closely and more distantly related PPs were tested for the ability to substitute for SBT3PP as folding assistants, including the PPs of selected tomato subtilases (SBT1.4, SBT1.2, SBT1.1, and SBT1.3, exhibiting 90, 52, 34, and 34% sequence identity with SBT3PP, respectively) and the closest homolog of SBT3 in Ara- The loss of secondary structure was monitored by CD spectroscopy at 220 nm and is shown as the fraction of protein unfolding with increasing temperature. C, thermal stability of SBT3PP. Thermal unfolding (left) was analyzed in a Prometheus NT.48 instrument (NanoTemper Technologies). Tryptophan fluorescence was recorded at 350 and 330 nm, and the 350/330 nm ratio is plotted against the temperature (black line). There is no well defined peak in the first derivative (dotted line) and, therefore, no clear transition point for protein unfolding (left panel). After the unfolding reaction, protein refolding was recorded in the same assay under decreasing temperature conditions (right panel). bidopsis (AtSBT1.9, 42% sequence identity; cf. Fig. 1 ). Most PPs were inactive; only the most similar one, SBT1.4PP sharing 90% sequence identity with SBT3PP, supported secretion of SBT3⌬PP to some extent. However, neither the expression level nor secretion was restored to a level comparable with SBT3PP ( Fig. 6 ). SBT3 thus exhibits a specific requirement for its own prodomain for folding and secretion, indicating that the ␤-␣-␤-␤-␣-␤ fold that is shared with PPs of SBTs in plants and other organisms is not sufficient for the chaperone function.
Ability of SBT3PP and Related Plant Propeptides to Associate with SBT3 in an Auto-inhibited Complex-The highly specific requirement of SBT3 for SBT3PP during folding/secretion raised the question of whether SBT3 exhibits a similar specificity for its cognate prodomain with respect to the formation of the PP-inhibited protease complex. To address this question, the different PPs were expressed in E. coli, solubilized from inclusion bodies in 8 M urea, purified by affinity chromatography, renatured by dialysis ( Fig. 2A) , and tested as inhibitors of SBT3 activity. Activity assays contained 90 nM SBT3 and a fluorigenic peptide substrate at 20 M. The activity of SBT3 was strongly inhibited by its own PP with half-maximal inhibition (IC 50 ) at 184 nM, corresponding to a 2-fold molar excess of the PP over the subtilase (Fig. 7A ). Somewhat weaker inhibition of SBT3 activity was also observed for the closely related SBT1.4PP with an IC 50 of 488 nM, whereas all other tested PPs turned out to be very poor inhibitors of SBT3 ( Fig. 7A ). ϳ60% of SBT3 activity was retained even at 100-fold molar excess of the more distantly related PPs ( Fig. 7A ; SBT1.1PP could not be tested in this experiment, because renaturation under different conditions did not result in soluble protein). The interaction of SBT3 with its PP in an autoinhibited complex is thus rather specific; SBT3 does not share the loose propeptide specificity reported for other subtilases, including bacterial subtilisins (41) , mammalian PCs (42), and even cucumisin, which was shown to be inhibited by PPs from other plant species (30) .
To corroborate these findings we determined the dissociation constant (K d ) of the SBT3-propeptide complexes by microscale thermophoresis. Fluorescence-labeled SBT3 (30 nM) was titrated with increasing concentrations of the unlabeled PPs (2.44 -5000 nM for SBT3PP; 2.2-9000 nM for SBT1.4PP). Complex formation was recorded as a ligand-dependent change in thermophoresis and was plotted against the PP concentration (Fig. 7B ). Dissociation constants of 73.5 Ϯ 10.8 nM and 1120 Ϯ 164 nM were derived from the saturation curves for the interaction of SBT3 with its own PP and with SBT1.4PP, respectively. For the remaining PPs no binding curves could be recorded, indicating that the K d of their interaction with SBT3 is above the detection limit of the thermophoresis assay (Ͼ30 M). A dissociation constant in the two-digit nanomolar range for the SBT3-SBT3PP interaction indicates tight binding of the inhibitory PP to SBT3. A strong interaction between SBT3 and its PP is also consistent with the increase in thermostability that was observed for the complex as compared with the free protease (Fig. 3B ). The 15-fold higher K d for SBT1.4PP, the most closely related plant PP, is consistent with its reduced inhibitory potential (3-fold higher IC 50 ) and indicates that the interaction of SBT3PP with its cognate protease is highly specific with respect to both the formation of an autoinhibited complex ( Fig. 7) and folding assistance (Fig. 6) .
Folding Assistance by SBT3PP and Its Inhibitory Activity Are Not Necessarily Linked-The specificity observed here for the interaction of SBT3PP with SBT3 was unexpected considering the apparent promiscuity of PPs with respect to the inhibition of subtilases in bacteria. The subtilisins Carlsberg and BPNЈ, for example, are inhibited with similar efficiency by both their PPs, even though they share Ͻ50% sequence identity (28) . Furthermore, subtilisins are inhibited more effectively by the PP of 
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Aqualysin I as compared with their own PPs, even though there is only 20% sequence conservation (41) . The apparent specificity of SBT3 for its own PP also distinguishes it from the plant subtilase cucumisin. Cucumisin is inhibited not only by its own PP but also by PPs from Arabidopsis and rice subtilases (ARA12 and RSP1, respectively) that share ϳ36% sequence identity (30) . Aiming to identify distinguishing features of SBT3PP that may be responsible for the specificity of interaction, we compared the plant PP sequences and found that the loop between helix ␣1 and strand ␤2 is extended in SBT3PP and SBT1.4PP, as compared with PPs that lacked inhibitory or chaperone activity (Fig. 1) . To test whether this loop extension is responsible for the observed specificity, a domain-swap experiment was performed in which the respective region (residues Ser-57 to Lys-70) was deleted from SBT3PP (SBT3PP⌬S-K) and inserted into the shorter loop of the apparently inactive PP of SBT1.3 (SBT1.3PP&S-K; cf. Fig. 1 ). The mutant PPs were expressed in E. coli, purified, and renatured as before (Fig. 2C) . The activity of SBT3PP⌬S-K as an inhibitor of SBT3 was somewhat reduced as compared with the wild-type PP requiring a 3-fold higher concentration to achieve the same level of SBT3 inhibition (Fig.  8A) . The loop extension thus seems to make only a minor contribution to the binding specificity of SBT3PP to the mature protease. It is also not sufficient to promote binding of an otherwise inactive PP, as the inhibitory activity of SBT1.3PP&S-K was not increased as compared with unmodified SBT1.3PP (Fig. 8A) .
Chaperoning activity of the modified PPs was analyzed in the transient expression assay for folding/secretion in N. benthamiana. The ability of the SBT3 propeptide to restore folding/ secretion was completely lost in the loop-deletion mutant, indicating that the extended loop, in addition to the generally conserved ␤-␣-␤-␤-␣-␤ fold, is absolutely required for the specific interaction of SBT3PP with SBT3 during zymogen maturation ( Fig. 8B) . Separation of the two activities, as evident from the complete loss of chaperoning activity as compared with a marginally impaired inhibitory activity, suggests that the PP interacts differently with immature SBT3 during folding and with mature SBT3 in the autoinhibited complex.
Propeptide Cleavage and Release of Mature SBT3-The maturation of SBTs requires at least two proteolytic events, the first one separating the PP from the catalytic domain resulting in the non-covalently linked self-inhibited complex and the second one cleaving and destabilizing the PP, which is then released to result in the active enzyme. Both cleavages are autocatalytic in bacterial and mammalian SBTs, and consequently, multiple basic residues are found upstream of the two scissile bonds in PCs, reflecting the substrate specificity of these enzymes (29, 35) . Although processing of the prodomain is also autocatalytic in plants (27) , the residues downstream of the scissile bond appear to be at least as important for cleavage site recognition. These residues mark the N terminus of the mature proteases, which is highly conserved in plant SBTs (43, 44) with Thr-Thr-Xaa-Thr/Ser as the first four amino acids ( Fig. 1 ; Xaa representing a positively charged or hydrophobic residue). The conserved N terminus suggests that plant SBTs may share a common mechanism for processing site recognition, which appears to be different from that in PCs or bacterial subtilisins.
Addressing the question of whether the internal cleavage of the PP is also autocatalytic in plant SBTs, we assessed the stability of the PP in the purified SBT3-SBT3PP complex by SDS-PAGE (Fig. 9 ). The complex was found to be stable at neutral pH. However, upon incubation at acidic pH, PP cleavage was observed, first at pH 5.7 and to a stronger extent at pH 5.2 (Fig.  9A ). pH-dependent cleavage and degradation of the propeptide was also reported for some mammalian PCs and has been well studied in furin, where it provides a mechanism for compartment-specific activation of the protease (26, 29) . Similarly in SBT3, pH dependence of PP cleavage may prevent precocious activation and ensure that the active enzyme is not released before the pH drops along the secretory pathway from pH 6.3 in trans-Golgi cisternae to pH 5.6 in the trans-Golgi network/ early endosome (45) .
A time-course of PP cleavage indicated that auto-processing at pH 5.2 is very slow. Significant degradation was observed only after overnight incubation (Fig. 9B ). Similar findings were reported for bacterial and mammalian SBTs, where cleavage and degradation of the prodomain is slow and the rate-limiting step of enzyme maturation (26, 46) . In subtilisin, PP degradation occurs in trans and requires the energetically unfavorable dissociation of the PP from the stable subtilisin-propeptide complex. Once a free protease molecule is released, it can act on other complexes and facilitate PP degradation in a bimolecular reaction (47) . The slow activation of SBT3 (Fig. 9B ) is consistent with this mechanism and also with the exceptional stability of the SBT3PP-SBT3 complex (Figs. 3B and 4B) .
To identify the internal propeptide processing site, the two cleavage products (the bands marked in Fig. 9 ) were subjected to Edman degradation for N-terminal sequencing. The sequence for the larger cleavage product matched best to the loop region between strand ␤1 and helix ␣1, indicating cleavage between Asn-38 and Val-39 (Fig. 1) . This region corresponds to the site of PP processing in Bacillus sp. subtilases (37, 48) . Addi-tional cleavage between Asp-54 and Ser-55 resulted in the generation of the smaller degradation product. As expected for an autocatalytic processing event, the amino acid sequence at these two sites agrees well with the substrate specificity of SBT3 that was determined by PICS (proteomic identification of cleavage sites; Ref. 49 and Fig. 9C ). Pro-Asn immediately upstream of the first site as well as Ile-Asp and Ser-Xaa-Lys flanking the second are among the residues that are preferred by SBT3 in these positions, and they thus contribute to processing site recognition by the protease (Fig. 9C ).
Discussion
We could show that the SBT3 propeptide acts as an intramolecular chaperone (IMC) that is required for folding of the protease in the plant secretory pathway and a prerequisite for secretion of mature SBT3 into the extracellular space. During protease maturation, the first autocatalytic cleavage of the PP results in the formation of a stoichiometric, autoinhibited complex of SBT3 and its PP. In this complex the PP acts as a strong inhibitor that renders SBT3 inactive until a second, pH-dependent cleavage event leads to the dissociation of the PP from the active site and results in the release of the active subtilase.
SBT3 shares these propeptide functions with prokaryotic and eukaryotic subtilases and combines features that were hitherto considered to be characteristic for either bacterial or for mammalian PPs. The ability of SBT3PP to acquire secondary structure independently of the catalytic domain is reminiscent of mammalian PPs (35, 37) . Bacterial PPs, on the other hand, are generally disordered and depend on the interaction with the catalytic domain for the acquisition of secondary structure (38, 47, 50) . There are exceptions, however, like the PP of the thermostable subtilisin homologue Aqualysin I from Thermus aquaticus, which develops significant secondary structure in absence of its catalytic domain (41) .
With respect to primary structure, on the other hand, the PP of SBT3 is more similar to PPs of bacterial subtilisins. A large loop, which is located between strand ␤3 and helix ␣2 of the N2 motive in mammalian PPs, is not found in plants and bacteria. This is the region where secondary cleavage occurs in mammalian PPs, by which the subtilase is released from autoinhibition (29, 35, 48) . In SBT3, on the other hand, the first of the two internal PP cleavage sites (Asn-38/Val-39) is located within the first ␤-␣-␤ motive in a loop between strand ␤1 and helix ␣1. Conservation of this loop and the secondary cleavage site among bacterial and plant subtilases indicates similarities with respect to the mechanism of PP degradation and protease activation (35, 48) .
Similarities with bacterial PPs extend to the mode of interaction between the PP and the catalytic domain, which was shown to differ for the immature and mature states of the protease, respectively. As an IMC, the PP of subtilisin interacts "top-on" and mediates folding of the intermediate, whereas it binds "side-on" when it acts as an inhibitor of the mature enzyme (21) . Consequently, the IMC and inhibitor functions of bacterial PPs are not necessarily linked. The PP of Aqualysin I, for example, is a 10-fold more potent inhibitor of subtilisin E than its own PP but shows only half the chaperoning activity (41) . Vice versa, the PP may also be a weak inhibitor while retaining high IMC activity (51) . The inhibitor and IMC functions could also be separated in the PP of SBT3. A complete loss of IMC activity was observed when residues Ser-57 to Lys-70 were deleted from SBT3PP, whereas the activity as an inhibitor of mature SBT3 was only marginally impaired ( Fig. 8) , indicating that two different binding modes exist also in the interaction of SBT3PP with SBT3. In addition to these shared features, SBT3PP also has unique properties. The PPs from both prokaryotic and eukaryotic organisms have been described as quite promiscuous regarding their specificity toward the catalytic domain. Bacterial subtilisins and mammalian PCs alike are inhibited not only by their own, but also by distantly related PPs (28, 41, 42) . Similarly in plants, cucumisin is also inhibited by the PPs of ARA12 from Arabidopsis and RSP1 from rice (30) . The interaction of SBT3 with its own PP, on the other hand, is quite specific. Of the five tested PPs, only the most closely related one, SBT1.4PP, sharing 90% sequence identity with SBT3PP, could substitute as IMC and inhibitor of SBT3. SBT3 differs from other SBTs as it is active as a homodimer, in which an autoinhibitory ␤-hairpin is immobilized by the PA domain (15) . Bacterial and mammalian SBTs lack the PA domain, and in cucumisin the PA domain is not involved in dimerization but may rather contribute to substrate selectivity (17) . These differences will affect the interaction of the PP with the active site of the enzyme and are likely to account for the unique specificity of the SBT3-SBT3PP interaction.
Another unique feature of the SBT3-SBT3PP interaction is the exceptional stability of the autoinhibited complex. The transition midpoint for unfolding increases from 76°C for SBT3 to 87°C upon binding of its PP, which we assume is due to the stabilization of the domain structure in the complex. In bacterial subtilisin, on the other hand, thermodynamic stability of the complex is reduced as compared with the free protease and only slightly higher than that of the folding intermediate (33, 52) . Stabilizing a transition state late in the folding pathway, the PP catalyzes the reaction from the molten globule state to the autoinhibited complex as well as the back reaction (20, 24, 46) . To prevent the back reaction, the PP needs to be cleaved, which kinetically locks the SBT in its active and stable conformation (52) . Subtilisin maturation thus requires active subtilisin to assist in the maturation of other SBT-PP complexes by cleavage of the PPs in trans (46, 47) . In the case of SBT3, increased stability of the complex as compared with both the mature protease and the folding intermediate renders the back reaction less favorable and traps the complex thermodynamically. Enhanced stability of the complex is likely to facilitate passage through the secretory pathway and prevent untimely activation until decreasing pH allows the controlled, pH-dependent cleavage of the PP and activation of SBT3.
Experimental Procedures
Cloning of Subtilase Propeptides-SBT PPs were cloned by PCR using gene-specific primers (Table 1) for SBT3PP (Sl01g087850), SBT1.1PP (Sl06g083720), SBT1.2PP (Sl08g007670), SBT1.3PP (Sl01g111400), SBT1.4PP (Sl01g087840), and AtSBT1.9PP (At5g67090). All constructs comprising the signal peptide, the propeptides, and flanking KpnI and BamHI restriction sites were cloned into pART7 (53) under the control of the cauliflower mosaic virus (CaMV) 35S promoter and terminator. The entire expression cassette was transferred into pART27 (53) for transient expression in plants. For expression in E. coli, prodomain constructs lacking the signal peptide were generated by PCR, digested with NdeI and BamHI, cloned with an N-terminal (His) 6 -tag into Novagen's pET21a vector (Merck), and transformed into E. coli BL21 RIL (Agilent Technologies; Waldbronn, Germany).
TABLE 1 Oligonucleotide primers used in this study
Seqences are given in the 5Ј to 3Ј orientation; F (forward) and R (reverse) refer to the direction of priming. Two cytosines were added at the 5Ј end for increased efficiency of restriction. Restriction sites are underlined, and the used restriction enzyme is indicated in the primer name. All oligonucleotides were obtained from Eurofins Genomics GmbH (Ebersberg, Germany). Propeptides amplified for recombinant expression in E. coli lacked the N-terminal signal peptide (⌬SP) and included a tag of six histidine residues (His). Deletions (⌬) and insertions (&) are indicated in the primer name and the name of the product as the range of amino acids given in one letter code with the position counted from the first Met.
Primer sequence
Name Product
Expression constructs were also generated for a SBT3PP deletion mutant, lacking amino acids Ser-57 to Lys-70 (SBT3PP⌬S-K), and SBT1.3PP with an insertion of the respective region (SBT1.3PP&S-K) using PCR-mediated deletion and insertion mutagenesis as described (54) . Briefly, two fragments flanking the deletion/insertion-site were amplified in separate PCRs and then joined in a third PCR using the primers at the very 5Ј and 3Ј ends. For each mutant PP, two types of expression constructs were generated, one comprising the N-terminal signal peptide and KpnI/BamHI sites for cloning into pART7/27 and expression in N. benthamiana, the other one comprising a (His) 6 tag and NdeI/BamHI sites for cloning into pET21a and expression in E. coli.
Expression and Purification of Recombinant Propeptides-E. coli cells were grown in LB medium with appropriate antibiotics at 220 rpm and 37°C to an A 600 of 0.6. Protein expression was induced with 1 mM isopropyl-␤-D-thiogalactopyranoside during 16 h at 30°C. Cells were harvested by centrifugation (5000 ϫ g, 4°C, 20 min) and resuspended in 50 mM sodium phosphate buffer, pH 7.5, supplemented with 300 mM NaCl and 5 mM ␤-mercaptoethanol. Cells were lysed by sonication (SONOPULS HB2070 with MS72 sonic needle, Bandelin Electronics; Berlin, Germany) at 4°C for 3 min. The insoluble fraction was collected by centrifugation (12,000 ϫ g, 4°C, 30 min), and proteins were solubilized in buffer A (50 mM sodium phosphate buffer, pH 7.5, 300 mM NaCl, 20 mM imidazole, 8 M urea) for 16 h at 4°C on an end-over-end shaker. Cell debris was removed by centrifugation as above, and the cleared supernatant was subjected to affinity chromatography on nickel-nitrilotriacetic acid agarose (Qiagen, Hilden, Germany). The column was washed extensively in buffer A, recombinant proteins were eluted in 1.75 column volumes buffer A containing 400 mM imidazole, and their concentration was adjusted to 0.5 mg/ml. Renaturation of PPs was achieved by dialysis against 50 mM HEPES, pH 7.5, supplemented with 50 mM L-arginine hydrochloride and 50 mM L-glutamic acid.
Purification of SBT3 and Activity Assay-SBT3 was purified to apparent homogeneity from a tomato cell suspension culture as previously described (27) . SBT3 activity was assayed in a total volume of 200 l containing 20 M aminobenzoyl-SKRDPPKKQTD(NO 2 )Y (JPT Peptide Technologies; Berlin, Germany) and 90 nM concentrations of purified SBT3 in 50 mM HEPES, pH 7.5, 50 mM L-arginine hydrochloride and 50 mM L-glutamic acid. Cleavage of the internally quenched substrate peptide was monitored over 15 min in a Cary Eclipse spectrofluorimeter ( ex , 320 nm; em , 420 nm; Agilent). To assay the inhibitory activity of propeptides, SBT3 was preincubated with the propeptide for 10 min at 4°C before the reaction was started by the addition of the substrate.
Propeptide Binding Assays-The interaction of SBT3 with PPs was analyzed by microscale thermophoresis. To this end purified SBT3 (20 M) was labeled using the RED-NHS labeling kit (NanoTemper Technologies; Munich, Germany) at a 2-fold molar excess of the dye according to the manufacturer's instructions. The labeled protein was separated from the unreacted dye, and the buffer was exchanged with 50 mM HEPES, pH 7.5, using the size-exclusion columns provided with the kit. Labeling efficiency (dye:protein ratio) was 0.8, as calculated from a standard curve ranging from 1.5 to 200 nM concentrations of the free dye.
Labeled SBT3 was adjusted to 60 nM in 50 mM HEPES, pH 7.5, supplemented with 0.05% (v/v) Tween 20 and titrated with serial (1:1) dilution of the PPs in 50 mM HEPES, pH 7.5, 50 mM Arg, 50 mM Glu, 0.05% (v/v) Tween 20. Equal volumes of labeled SBT3 and the titrant were mixed, incubated on ice for 10 min, and loaded into Monolith NT Premium Coated Capillaries (NanoTemper Technologies). Microscale thermophoresis was performed in a Monolith NT.115 instrument (NanoTemper Technologies) at 23°C with 5s/30s/5s laser off/on/off times, 25% LED and 60% microscale thermophoresis power. Fraction bound was calculated from the thermophoresis with T-Jump signal (NT.Analysis software; NanoTemper Technologies) and binding constants were derived from three experiments with independent preparations of the PPs. Binding constants were calculated in GraphPad Prism 6 (GraphPad Software, San Diego, CA) using the following equation (55) .
where K d is the dissociation constant, c A 0 is the concentration of labeled SBT3, and c T 0 is the concentration of PP. Circular Dichroism (CD) Spectroscopy-SBT3 was denatured by dialysis against 50 mM HEPES, pH 7.5, containing 8 M guanidine hydrochloride or by TCA precipitation. For renaturation, the protein was dialyzed first against 50 mM HEPES pH 7.5, 50 mM Arg, 50 mM Lys, and subsequently against 20 mM sodium phosphate buffer, pH 7.5, in which the CD spectra were acquired. Spectra of 1.25 M SBT3 or 15 M SBT3PP were recorded in a 715 CD spectropolarimeter (Jasco; Hachioji, Japan) at 20°C in the far UV (190 to 260 nm) with wavelength steps of 0.1 nm and a scan speed of 50 nm/min. The signal was averaged over four scans, and the buffer signal was subtracted.
Fluorescence Spectroscopy-Fluorescence spectroscopy was performed at 20°C in a Horiba Fl-3 Fluorimeter (Jobin-Yvon; Kyoto, Japan). For tryptophan solvent accessibility tests, fluorescence of 1.25 M SBT3 was recorded in 20 mM sodium phosphate buffer, pH 7.4, with excitation at 295 nm (slit 5 mm) and emission from 305 to 450 nm (slit 5 nm). For chemical transition experiments, GuHCl was titrated by stepwise addition to 1.25 M SBT3 in 20 mM sodium phosphate buffer, pH 7.4, with an equilibration period of 3 min after each titration step using the same parameters for fluorescence spectroscopy. The background corrected fluorescence maxima from three independent experiments were plotted against the GuHCl concentration. Data were fitted to the Boltzmann equation using OriginPro 9.0 (OriginLabs; Northampton, MA).
Thermal Stability of SBT, SBT3PP, and the SBT3-SBT3PP Complex-Thermal stability of SBT3PP (20 M) in 50 mM HEPES, pH 7.5, 50 mM Arg, and 50 mM Glu was analyzed in a Prometheus NT.48 instrument using the capillaries (10-l sample volume) provided by the manufacturer (NanoTemper Technologies). Tryptophan fluorescence was measured at 350 and 330 nm, and the 350/330-nm ratio was plotted against the temperature. Thermal denaturation was measured from 25 to 90°C in the unfolding phase and from 90 to 25°C for the refolding phase. Thermal unfolding of SBT3 and the SBT3-SBT3PP complex was recorded in a 715 CD-spectropolarimeter (Jasco) at 220 nm in a thermal gradient with a step size of 0.1°C and a slope of 1°C per minute. The data were fitted using the Boltzmann equation to obtain the transition point (OriginPro 9.0, OriginLabs).
Identification of the Internal Propeptide Cleavage Site-Purified SBT3 was incubated with a 10-fold molar excess of its PP for 10 min at 4°C. The SBT3-SBT3PP complex was then separated from excess PP by size exclusion chromatography (Superdex 200 HR 10/30) on an Ä KTA purifier 900 chromatography system (GE Healthcare). Fractions containing the complex were concentrated by ultrafiltration (Vivaspin, 10 kDa cutoff; Sartorius Stedim; Göttingen, Germany). For propeptide cleavage, ϳ15 g of the SBT3-SBT3PP complex were incubated at 4°C overnight in a three-component buffer system at pH 5.2 (56) , separated by Tricine-SDS-PAGE (57) , and blotted to a PVDF membrane (Trans-Blot Semi-Dry System; Bio-Rad). Proteins were visualized using 0.1% (w/v) Coomassie Brilliant Blue R250 in 40% ethanol and 10% acetic acid. Excised protein bands were subjected to N-terminal sequencing by Edman degradation on a Shimadzu PPSQ-33 sequencer (Creative Proteomics; Shirley, NY). Transient Protein Expression in N. benthamiana-The pART27 constructs for transient expression of PPs were described above. Constructs for the expression of wild-type SBT3 and the S538A active-site mutant were described previously (27) . An additional construct for a SBT3 mutant lacking the entire prodomain (⌬Q23-H112) was generated by PCR using two overlapping 5Ј primers ( Table 1) that comprised the open reading frame (ORF) for the signal peptide and 14 bp matching the 5Ј end of the catalytic domain. The 3Ј primer was located just downstream of an internal EcoRI site within the ORF of the catalytic domain. The PCR product was then used to replace the 5Ј end of wild-type SBT3 to generate SBT3⌬PP.
Proteins were transiently expressed in N. benthamiana by co-infiltration of two Agrobacterium tumefaciens strains, one carrying the pART27 expression vector, the other carrying the p19 suppressor of silencing essentially as described (58) . The bacterial suspension was infiltrated into the abaxial side of leaves from 6-week-old N. benthamiana plants. Leaves were harvested for protein extraction 4 days after inoculation.
Protein Extraction from N. benthamiana Leaves-For total protein extraction, leaf samples were ground in liquid nitrogen to a fine powder and thawed in 50 mM Tris/HCl, pH 7.5, 100 mM NaCl, 10 mM ␤-mercaptoethanol containing 0.5% (v/v) Triton X-100, and a blend of proteinase inhibitors (SERVA Electrophoresis GmbH; Heidelberg, Germany). The extract was cleared by centrifugation (16,000 ϫ g, 4°C, 10 min) and kept at 4°C until further analysis on the same day. The protocol for extraction of apoplastic wash fluids was modified from Rathmell and Sequeira (59) . Freshly harvested leaves were rinsed 3 times in ice-cold water and vacuum-infiltrated with 50 mM sodium phosphate buffer, pH 7.0, 300 mM NaCl at 75 mbar. Apoplastic washes were recovered by centrifugation at 1500 ϫ g at 4°C for 7 min and used the same day for further analysis.
Analysis of SBT3 Substrate Specificity-SBT3 cleavage specificity was analyzed by PICS (49) . For this assay total protein extracts from Arabidopsis seedlings were digested with proteomics-grade trypsin or chymotrypsin to generate libraries of several thousand peptides. These peptides were chemically modified to protect free sulfhydryl and amino groups and used as substrate for SBT3. Newly generated N termini were biotinylated, the peptides were isolated on streptavidin beads, and their sequence was determined by mass spectrometry (MS). This identifies the sequences on the carboxyl side (i.e. the prime side according to Schechter and Berger (60) ) of all the bonds that were cleaved. With their sequence known, the sequences on the amino side (the non-prime side; Ref. 60) can be deduced and the cleavage sites reconstructed (49) .
Libraries of tryptic and chymotryptic peptides were generated from protein extracts of 4-week-old 
